Human milk contains large amounts of free oligosaccharides (HMOs). HMOs have been shown to exert antiinflammatory properties, and evidence for their immunomodulatory effects is increasing. The purpose of this study was to evaluate influences of two human breast milk-derived oligosaccharide samples (neutral and acidic oligosaccharides), and of a low-molecularweight fucoidan on cytokine production and activation of cord blood mononuclear cells. Cord blood mononuclear cells from randomly chosen healthy newborns were co-cultured with the oligosaccharide samples. By means of flow cytometry, intracellular cytokine production (d 20) and surface marker expression of T cells (d 5) were measured. In vitro-induced Ig levels were quantified nephelometrically (total IgG1) and by ELISA (total IgE) in the supernatant of cell cultures. The acidic oligosaccharide fraction increased the percentage of interferon-␥ producing CD3ϩCD4ϩ and CD3ϩCD8ϩ cells (p Ͻ 0.05) and the IL-13 production in CD3ϩCD8ϩ cells (p Ͻ 0.05). In acidic oligosaccharide cultures, CD25ϩ expression on CD3ϩCD4ϩ cells was significantly elevated (p Ͻ 0.05). Low-molecular-weight fucoidan induced IL-4 production in CD3ϩCD4ϩ T cells (p Ͻ 0.05) and IL-13 production in CD3ϩCD8ϩ T cells (p Ͻ 0.05), whereas interferon-␥ production remained unaffected in both T-cell populations. Ig production (total IgE and total IgG1) remained unaffected. Human milk-derived oligosaccharides and plant-derived oligosaccharides affect the cytokine production and activation of cord blood derived T cells in vitro. Therefore, oligosaccharides and, in particular, acidic oligosaccharides may influence lymphocyte maturation in breast-fed newborns. The postnatal period is a crucial time for the maturation of the immune system. At birth, T-lymphocytes exhibit a Th2-profile, characterized by a limited ability to produce cytokines. Throughout the first months after birth these Th2-skewed responses are modified into low-level immunity, predominantly expressing Th1-cytokines and IgG-antibodies, particularly of the IgG1 subclass (1,2).
The postnatal period is a crucial time for the maturation of the immune system. At birth, T-lymphocytes exhibit a Th2-profile, characterized by a limited ability to produce cytokines. Throughout the first months after birth these Th2-skewed responses are modified into low-level immunity, predominantly expressing Th1-cytokines and IgG-antibodies, particularly of the IgG1 subclass (1, 2) .
Human milk is a biologic fluid containing large amounts of free oligosaccharides. HMOs represent the third largest solid component (after lactose and lipids) in breast milk, occurring at a concentration of 20 -23 g/L in colostrum and 12-14 g/L in mature milk (3) . HMOs are very resistant to enzymatic hydrolysis (4, 5) , indicating that these oligosaccharides must display essential nonnutritive functions.
Throughout the last decade, numerous studies demonstrated the ability of HMOs to inhibit pathogens acting as receptors for microbes (6, 7) . Only a few reports on direct effects on immune function have been published so far. Human milk oligosaccharide structures like lacto-N-fucopentaose III (LNFPIII) and lacto-N-neotetraose (LNneoT) showed an effect on murine IL-10 production (8) . It is further discussed that human milk is involved in the generation of antiinflammatory mediators that suppress Th1-type and inflammatory responses in mice (9) .
The interaction of HMOs with selectins in cell-cell interactions of, for example, leukocytes and lymphocytes was recently described by Rudloff et al. (10) . Due to their resistance to enzymatic hydrolysis, HMOs can be absorbed and cross the brush border membrane of the intestine (6, 11, 12) . This suggests that HMOs may act systemically and that their properties are not restricted to the intestinal mucosal environment.
So far, little is known about whether human milk-derived oligosaccharides are able to exert direct effects on cytokine production and activation/maturation of CBMC. In the present experiment, the capability of two different fractions of HMOs and LMWF, as an example of plant-derived oligosaccharides, to exert direct effects on function and maturation of CBMC in vitro were studied. Such data could help us to understand whether dietary oligosaccharides can directly influence the postnatal development of the immune system.
MATERIALS AND METHODS
Preparation of test substances. Pooled human milk was delipidated by centrifugation at 45°C using a separator (Elecrem 3, Häka, Stutensee-Friedrichstal, Germany). The proteins were precipitated by ethanol (final concentration 66%), as described by Kobata (13) . The precipitated proteins were removed by using a separator (Westfalia, Oelde, Germany) at 4°C and the liquid phase was concentrated by evaporation at 20 mbar (Heidolph, Schwabach, Germany) by a factor of three and subsequently freeze dried (Christ, Osterode, Germany).
An aliquot of the resulting carbohydrate/mineral fraction was filtered using a 0.3 m membrane (Omega; Pall Filtron, Dreieich, Germany) and further applied to simulated moving bed chromatography (SMB). SMB was chosen to remove the excess of lactose and the monosaccharides from the oligosaccharides of interest. The SMB system was a Licosep-Lab 12-26 1040 (NovaSep, Nancy, France). The separation was performed with 10 columns (2.5 ϫ 53 cm; Kronlab, Sinsheim, Germany) operated at 55°C with Toyopearl HW 40 (C) (TosoHaas, Stuttgart, Germany) as stationary phase. Demineralized water served as eluent (14) . The raffinate containing the oligosaccharides was analyzed by high-performance anion exchange chromatography (HPAEC), concentrated, and freeze dried. An aliquot of 1.3 g oligosaccharides was dissolved in 5 mL water and was applied to gel permeation chromatography (GPC). The GPC was performed on two Toyopearl HW 40 (S) columns (5 ϫ 110 cm, TosoHaas). The acidic and the neutral fraction of oligosaccharides, respectively, were eluted with 2% (vol/vol) isopropanol in demineralized water (flow rate of 1.65 mL/min) and monitored by refractive index detection, as described previously (15, 16) . Both fractions were analyzed by HPAEC (Fig. 1) , concentrated, and freeze dried for further analyses.
LMWF (Kraeber GmbH & Co; Ellerbek, Germany) was extracted from brown seaweed (mainly Ascophyllum nodosum) and depolymerized by a radical method with hydrogen peroxide. The molecules consisted mainly of alpha glycosidic linked fucose partly sulfated as well as uronic acids and neutral sugars like galactose and xylose residues. The average molecular weight was about 8.2 kD, with a content of fucose 28%, uronic acid 16%, and sulfate 23% dry matter, respectively. For more detailed information on the preparation of LMWF, the reader is referred to ref. 17 .
To separate oligosaccharides that have the same number, type, sequence, and anomeric configuration of monosaccharides while differing in the linkage position of a single monomer high-pH anion exchange, chromatography with pulsed amperometric detection (HPAEC-PAD) was applied. HPAEC analyses were performed on a DX-300 Bio-LC-system (Dionex, Idstein, Germany) with a pulsed electrochemical detector (PED 2, Dionex). Twenty-five microliter aliquots of samples were loaded on a CarboPac PA-100 (Dionex) pellicular anionexchange column (4 ϫ 250 mm) equipped with a guard column (4 ϫ 50 mm) and separated at a flow-rate of 1 mL/min. The concentration of the oligosaccharide fractions applied was 1-2 g/L. Neutral and acidic oligosaccharides were analyzed using gradient conditions as described previously (15) .
Analysis of neutral oligosaccharides was performed with a two-layer matrix. One microliter of 5-chloro-2-mercaptobenzothiazol (CMBT) solution (10 g/L in tetrahydrofuran/ ethanol/deionized water; 1:1:1; vol/vol/v) was applied to the target and dried in a cold, strong stream of air. On top of the microcrystalline CMBT layer, 1 L of analyte (typically 1 g/L) and 1 L of 2.5-dihydroxybenzoic acid (DHB) solution (20 g/L dissolved in deionized water) were placed and air-dried again (18) . The matrix used for acidic oligosaccharides was 6-aza-2-thiothymine (ATT) (1 g/L dissolved in ethanol) with the addition (1:1; vol/vol) of an aqueous diammonium hydrogen citrate (DAHC) solution (20 mM) according to Papac et al. (19) . The analyte/matrix mixture was directly applied onto the stainless steel target and air-dried. Endotoxin levels of all three substances were measured thereafter to ensure pyrogen levels appropriate for cell culture (20) . 
OLIGOSACCHARIDES AND CYTOKINE PRODUCTION
CBMC preparation and culture conditions. Human umbilical cord blood from randomly chosen full-term healthy infants (Ͼ37 wk of gestation) was obtained by venipuncture of the umbilical vein immediately after delivery and placed in sterile sodium heparin tubes. Heparinized cord blood was drawn over Ficoll-Paque (Pharmacia, Uppsala, Sweden). CBMC were isolated by density-gradient centrifugation as described (21, 22) . The protocol was approved by the local ethical committee of the University of Vienna.
To evaluate the optimal antigen concentrations within a range mimicking physiologic conditions (3, 11, 23, 24) and to exclude possible cytotoxic effects of the investigated substances on CBMC, proliferation assays were performed as previously described (21, 22, 25) . Because neither cytotoxic effects nor a significant proliferative response were detected, nHMOs and LMWF were applied at a concentration of 10 g/mL and aHMOs at 1 g/mL. LMWF served as a control substance for a plant-derived oligosaccharide with a comparable molecular weight ‫8ف(‬ kD) and was therefore applied within the same concentration range (10 g/mL).
As recently evaluated within another study on the effects of vitamin D (26), we found a co-culture time of 20 d to be optimal for intracellular cytokine detection by flow cytometry in CBMC. Based on the assumption that HMOs are not acting in antigen-like fashion but may have an influence on cell maturation and cytokine production, we applied the same culture conditions. To evaluate influences of the OS samples on surface marker expression under unstimulated culture conditions, d 5 turned out to be the most efficient endpoint assuring viability of the investigated cells. This is also consistent with data from Viemann et al. (27) . For all other experiments CBMC (10 6 /mL) were cultured in RPMI 1640 medium supplemented with 2 mM L-glutamine, 85 mg/L gentamicin-sulphate (all from Sigma Chemical Co., St. Louis, MO) and 10% heat-inactivated FCS (Invitrogen). The oligosaccharide samples were added in the above mentioned concentrations. Medium alone served as control.
Flow cytometric analysis. On d 20, the percentage of cytokine-producing CD4ϩ and CD8ϩ T cells was analyzed by intracellular cytokine detection. Expression of the Th1-cytokines interferon (IFN)-␥ and IL-6 and the Th2-cytokines IL-4, IL-10, and IL-13 was assessed with MAb and four-color flow cytometry (FACSCalibur, BD Bioscience, San Jose, CA). The technique has been described previously (29, 30) . Cells were stimulated with 10 ng/mL phorbol myristate-acetate (PMA) and 1.25 M ionomycin, in the presence of 2 M monensin (all from Sigma Chemical Co.). After 4 h, cells were harvested, washed, and fixed with 2% formaldehyde.
Four-color fluorescence staining was performed using rat or mouse anti-human MAb and the respective isotype controls labeled with FITC, phycoerythrin (PE), peridin chlorophyll (PerCP), allophycocyanin (APC): anti-CD19 (FITC) (DAKO, Glostrup, Denmark), anti-CD3 (PerCP, APC), anti-CD4 (FITC, APC), anti-CD8 (PE, PerCP), anti-CD22 (PE), anti-CD25 (APC), anti-HLA-DR (APC), anti-IFN-␥ (FITC, PE), anti-IL-4 (PE), anti-IL-13 (PE) (all from BD Biosciences), anti-IL-6 (PE), anti-IL-10 (PE) (from BD PharMingen, San Diego, CA).
In vitro production of Ig. At d 1, 5, and 10, IgG1 and IgE were measured by nephelometry (IgG1, IMMAGE, Beckman Coulter, Fullerton, CA; limit of detection 6 g/mL) and IgE Sandwich-ELISA (Kallestad Total-IgE microplate, Bio-Rad, Munich, Germany; limit of detection 1 ng/mL). IL-4 (200 IU/mL) and anti-CD40 MAb (0.2 g/mL) (BD PharMingen) was added to the positive control, medium alone and CBMC was used as negative control. All investigations were performed simultaneously, with and without preactivation of T cells with plate-bound anti-CD3-MAb (DAKO).
Statistics. For independent, nonparametric comparison of IgG1 and IgE levels with the respective control, MannWhitney U test was used. To detect significant changes of IgG1 and IgE production over the course of cell culture, KruskalWallis test was used. For all other experiments, Wilcoxon signed-rank test was applied. For all analyses, SPSS for Windows Release 11.0.1 (SPPS Inc., Chicago, IL) was used. p Values of Ͻ0.05 were considered significant.
RESULTS

Influences of oligosaccharides on T-cell function.
In longterm cell culture experiments, levels of the cytokines IL-4, IL-13, and IFN-␥ were detected and used for statistical evaluation. Because the amount of T cells staining positive for intracellular IL-6 and IL-10 was very low (Ͻ1% of the respective T-cell subpopulation), or not detectable, these two cytokines were excluded from statistical evaluation.
nHMOs had little or no influence on intracellular cytokine production (Fig. 2) . In the presence of the aHMOs and the LMWF, several effects on T-cell cytokine production were detectable (Fig. 2) . aHMOs lead to a significant rise in the percentage of IFN-␥-producing CD4ϩ and CD8ϩ T cells and of IL-13 production in CD8ϩ T cells. In contrast, LMWF did not affect IFN-␥ production in CD4ϩ T cells. In CD8ϩ T cells, there was a trend toward a reduction of IFN-␥-producing cells (p ϭ 0.08) upon stimulation with LMWF. Moreover, LMWF increased the amount of IL-4 -producing CD3ϩCD4ϩ cells and the percentage of IL-13-expressing CD3ϩCD8ϩ cells significantly.
To evaluate whether the observed changes in cytokine production after long-term exposure to the investigated oligosaccharides were also reflected in an enhanced activation marker expression after 5 d in co-culture with oligosaccharides, we measured the percentage of CD4ϩCD25ϩ lymphocytes. Both, aHMOs and LMWF lead to a significant rise of CD25 expression (Fig. 3) . This effect was not observed in the presence of the neutral oligosaccharide fraction (nHMOs) (Fig. 3) .
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Influences of oligosaccharides on B-cell function. Possible effects of the oligosaccharide samples on B cells were investigated via detection of changes in the mean fluorescence of CD22 and HLA-DR. Neither up-nor down-regulation of these markers in statistically significant ways could be observed (data not shown).
Upon stimulation with nHMOs, aHMOs, and LMWF, total IgG1 production was not affected (data not shown). Total IgE production was virtually absent (data not shown). In the positive control (IL-4 ϩ anti CD40), IgE-levels ranged from 1 to 8 ng/mL (d 5) and 7 to 107 ng/mL (d 10).
DISCUSSION
To our knowledge, this is the first study that shows a direct influence of HMOs on cord blood-derived T cells in vitro from randomly selected term newborns. Although many investigations focused on the antiinflammatory properties of HMOs (6, (31) (32) (33) , no study has described an influence on human T-cell cytokine production in vitro so far.
Our experimental data indicate that the human milk-derived acidic oligosaccharide fraction (aHMOs) is able to enhance the production of certain cytokines after long-term exposure (20 d) in vitro in the CD4ϩ as well as in CD8ϩ T-cell subfraction (Fig. 2) . The aHMO fraction stimulated an increase of IFN-␥-producing cells in both T-cell types. Furthermore, a shift toward induction of Th0/Tc0 could be excluded (data not shown). Taken together, these data support the assumption that aHMOs increase T-cell cytokines in a Th1/Tc1-favoring manner. Nevertheless, IL-13-producing CD8ϩ T cells also increased significantly upon stimulation with aHMOs (Fig. 2) . Due to the fact that IL-4 production remained unaffected by aHMOs, the effect on Tc2 cytokines could be assumed as minor. Further proof of a direct effect of the aHMOs on T cells was given by the fact that the amount of CD25ϩ CD4ϩ cells increased significantly in vitro in the presence of aHMOs (Fig. 3) .
Breast milk-derived oligosaccharides were shown to cross the intestinal barrier to finally appear in the urine of infants (6, 11) . According to these data, we have used concentrations within a range (nHMOs, 10 g/mL; aHMOs, 1 g/mL) mimicking physiologic conditions. The effect of these concentrations on cord blood T and B cells may therefore reflect physiologic levels occurring in very young infants during breast-feeding.
Concerning B-cell functions, no effects were induced by aHMOs. The herewith-documented effects on T cells were neither reflected by an enhanced B-cell activation marker expression nor in increased total-IgG1 or total-IgE production in vitro, thus leading to the conclusion that the observed effects were restricted to T cells. However, aHMO concentrations used in these experiments might not have been high enough to affect neonatal B cells.
Recent publications demonstrated that cord blood T cells in individuals developing subsequent atopic disease showed an allergen-specific Th2 profile and were generally reduced in their ability to produce IFN-␥ as well as Th2-cytokines (2,34 -36) . Our data showed that aHMOs under in vitro conditions stimulate cord blood T cells toward an enhanced ability of IFN-␥ as well as Th2-cytokine production. This might indicate that absorbed aHMOs during breast-feeding may play a direct role in the postnatal maturation of the immune system and may posses allergy-preventive functions.
The LMWF, which was used in the study protocol as an example of a plant-derived oligosaccharide with the potential 
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to be used in infant formulas, affected T-cell cytokine production in a Th2-favoring manner in vitro (Fig. 2) . This was supported, first, by the significantly increased percentage of IL-4 -and IL-13-producing cells upon stimulation with LMWF and, secondly, by the trend of a diminished IFN-␥ production (not statistically significant), which was stronger in the CD8ϩ T-cell population (p ϭ 0.08). The observed influences of LMWF on T-cell cytokine synthesis were strengthened by the fact that the percentage of CD25-expressing CD4ϩ T cells in 5-d cultures increased significantly compared with the control. LMWF may, in summary, promote a Th2 profile in T cells. Thus, more detailed research in this field is needed to exclude the possibility that LMWF may have an allergypromoting function.
Although CD25 was used in the context of this study clearly as an activation marker of T cells, the possibility of an induction of CD4ϩCD25ϩ regulatory cells by oligosaccharides has to be taken into consideration, but cannot be answered by the present study. An important aspect in this context was the fact that B-cell activation marker expression and the production of Th2-associated IgE was not affected in vitro by any of the applied oligosaccharides. However, for several reasons, conclusions for effects in vivo have to be made with caution. A very strong stimulus is necessary to achieve a switch of Ig production toward IgE production in vitro (37) . Another reason may be a mode of action, to date unknown, affecting only T cells.
In conclusion, the assumption that oligosaccharides are able to modulate the immune system of the maturing infant is given further support by our data. Based on our data, it is evident that different oligosaccharide structures have different direct effects on the immune system, indicating that HMOs provide a great variety of effects on the developing immune system during infancy. The implication of these findings for the composition of infant formulae needs further investigation.
